phosphorylation sites, and many of them have been shown to be phosphorylated in intact cells. One of the most studied 12-O-tetradecanoylphorbol-13-acetate (TPA) inhibits gap connexins, connexin43 (Cx43), is usually found in two or junctional communication in many cell culture systems, but TPA-induced phosphorylation of the gap junction three major phosphorylation variants in non-stimulated cells, protein connexin43 (Cx43) varies much between systems.
as detected by western blotting (5). The phosphorylation status We have here studied whether these responses and their of Cx43 is often changed in cells exposed to agents that sensitivities can be correlated with total protein kinase C influence GJIC, like growth factors (see for example ref. 6) (PKC) enzyme activity and if specific PKC isoenzymes are and protein-tyrosine phosphatase inhibitors (7,8).
involved. Rat R6 fibroblasts transfected with the cDNA
Protein kinase C (PKC) is a serine/threonine kinase family sequence encoding PKCβI (R6-PKC3) had a total PKC central to cellular regulation. The potent PKC activator and activity 7-to 16-fold higher than the corresponding control tumor promoter 12-O-tetradecanoylphorbol-13-acetate (TPA) cells (R6-C1), depending on the selection pressure (G418 was earlier shown to inhibit GJIC in several cell types (9,10), concentration). Still, R6-PKC3 cells were no more sensitive often concurrently with major changes in phosphorylation than R6-C1 cells to TPA-induced down-regulation of comstatus of Cx43 (11-13). Other PKC activators, like diacylglymunication, except at the highest selection pressure (500 cerol, other phorbol esters and bryostatin 1, also inhibit GJIC µg/ml G418). Thus, total PKC activity does not indicate in many cell types (14-16). Cx43 may be a direct target for absolute sensitivity of a cell system to TPA-induced suppres-PKC (17). It has therefore been assumed that TPA-induced sion of communication, but within a certain cell system phosphorylation of Cx43 may close (13), or at least decrease increasing PKC activity may enhance the sensitivity to the size (18) of the channel pores. However, the Cx43 TPA in this respect. The results also suggest that PKCβI phosphorylation response to TPA can vary widely, in spite of is of minor importance for TPA-induced regulation of a strongly decreased level of GJIC (11,12).
communication. Experiments with the Lilly compound
Twelve PKC isoenzymes have been identified to date. They 379196, a PKCβ-specific inhibitor, further supported this are divided into three main subfamilies. The classical PKC conclusion. Except for PKCβI in R6-PKC3 cells, both cell (cPKC) isoenzymes α, βI, βII and γ are Ca 2ϩ -dependent and lines contained the TPA-responsive PKC isoenzymes α, δ, activated by diacylglycerol or TPA. The Ca 2ϩ -independent ε and µ. Long-term treatment with TPA caused strong novel PKC (nPKC) isoenzymes δ, ε, η and θ are also down-regulation of PKCα, δ and ε, but little down-regulaactivated by diacylglycerol or TPA. The atypical PKC (aPKC) tion of PKCµ. Concurrently, the cells became refractory isoenzymes ζ and λ (referred to as ι in humans) are independent to repeated exposure to TPA, indicating that PKCµ is of of Ca 2ϩ and cannot be activated by diacylglycerol or TPA. minor importance. Experiments with the general PKC PKCµ (referred to as PKD in mouse) and the recently cloned inhibitor GF109203X and the PKCα (and β/γ) inhibitor PKCν (19) may constitute a fourth subfamily. TPA activates
Gö6976 suggested that both classical (α) and novel PKCs
PKCµ (20) and probably also PKCν. The strong response of (δ and ε) might be involved in TPA-induced suppression many cell types to TPA or other PKC activating agents clearly of intercellular communication, while phosphorylation of Cx43 may mainly be mediated by PKCα in the present suggests that cPKCs, nPKCs and/or PKCµ/ν are involved in systems.
regulation of GJIC and/or phosphorylation of Cx43. However, it is not known whether the level of PKC enzyme activity is important for the level of sensitivity of cells to TPA and/ Introduction or whether specific PKC isoenzymes are responsible for Gap junctional intercellular communication (GJIC) is important these effects. in regulation of cell growth, development and differentiation
We have here approached this problem using the rat fibroblast cell lines R6-C1 and R6-PKC3. R6-PKC3 cells are transfected Abbreviations: aPKC, atypical PKC; cPKC, classical PKC; Cx43, connexin43; with a construct encoding PKCβI generated from rat brain DOPPA, 12-deoxyphorbol-13-O-phenylacetate-20-acetate; GJIC, gap junccDNA. They are transformed as defined by increased saturation tional intercellular communication; nPKC, novel PKC; PKC, protein kinase C; TPA, 12-O-tetradecanoylphorbol-13-acetate. density, colony formation in soft agar and production of tumors in nude mice (21) . R6-C1 cells contain the same construct but
The first two authors should be regarded as joint first authors.
without the PKCβI cDNA and by all criteria behave as A preliminary report of these data was presented at the 1997 International Gap Junction Conference, Key Largo, FL, July 12-17, 1997.
untransformed cells (21) . The PKC activity in R6-PKC3 cells in the medium. Again, the cells were plated 48 h before the experiments, but is significantly higher than in R6-C1 cells (21) . Thus, this G418 was now omitted from the medium. In all cases the cells did not later gave us the opportunity to investigate the importance of total receive any fresh medium or serum to avoid any potential influence of fresh PKC enzyme activity in regulation of GJIC and phosphorylafetal calf serum. In the experiments where 24 h exposures to TPA were tion of Cx43. Furthermore, the use of R6-PKC3 and R6-C1 
Materials and methods

PKC enzyme activity Chemicals
Two assays for PKC activity were used. A 32 P incorporation (from [γ-32 P]ATP) TPA was from Sigma (St Louis, MO). 12-Deoxyphorbol-13-O-phenylacetateassay was supplied as a kit and was performed as suggested by the supplier 20-acetate (DOPPA) (Alexis, Läufelfingen, Switzerland) is a relatively PKCβ-(RPN77; Amersham, Little Chalfont, UK). Briefly, the cells were homogenized specific activator and is approximately equipotent with TPA in activation of by sonication in a buffer containing 50 mM Tris-HCl, pH 7.5, 0.3% (w/v) this isoenzyme (23, 24) . In intact cells 100-fold higher concentrations of β-mercaptoethanol, 5 mM EDTA, 10 mM EGTA, 10 mM benzamidine, 2 mM DOPPA are needed to activate other PKC isoenzymes than PKCβ (25) . phenylmethylsulfonyl fluoride, 10 µg/ml pepstatin A, 10 µg/ml aprotinin and Gö6976 (Alexis) is a staurosporine derivative with much enhanced specificity 10 µM leupeptin. The latter four compounds were added just before use. The for cPKCs (26). GF109203X (Alexis) is a broad specificity PKC inhibitor of PKC assay component mixture contained equal volumes of calcium buffer the bis-indolylmaleimide family. The Lilly compound 379196 (a kind gift (12 mM calcium acetate, initial concentration), lipid buffer (0.3 mg/ml L-α-from Lilly Research Laboratories, Indianapolis, IN) is a bis-indolylmaleimide phosphatidyl-L-serine, 24 µg/ml TPA), peptide buffer (900 µM peptide) and compound with a good specificity for PKCβ. IC 50 values for PKC isoenzymes dithiothreitol buffer (30 mM dithiothreitol). The four buffers also contained are as follows (µM): α, 0.6; βI, 0.05; βII, 0.03; γ, 0.6; δ, 0.7; ε, 5; η, 0.3; ζ, 50 mM Tris-HCl, pH 7.5, with 0.05% (w/v) sodium azide. An aliquot of 48 (J.R.Gillig and K.Ways, personal communication). 379196 and its close 25 µl of this component mixture was used per assay. A suitable amount of relative LY333531 (27) have been used to probe the involvement of PKCβ in sample was diluted to 25 µl in homogenization buffer and added to the several cellular processes (28) (29) (30) (31) (32) . component mixture. The reaction was started by adding 5 µl magnesium ATP buffer (1.2 mM ATP, 30 mM HEPES, 72 mM MgCl 2 , pH 7.4) with a suitable Antibodies concentration of radioactive ATP. After incubation the mixture was applied A polyclonal rabbit anti-Cx43 antiserum was raised against the 20 C-terminal to paper discs and washed in 75 mM phosphoric acid. The remaining amino acids of Cx43. A tyrosine was added N-terminally to this peptide for radioactivity was determined by scintillation counting. It was confirmed that coupling purposes. The antiserum recognizes Cx43 from many cell types both the assay was linear with regard to time and protein amounts used. Assays in western blots and in immunofluorescence experiments (6, 11, 12, (33) (34) (35) (36) .
without peptide buffer were used as blanks. All data shown were obtained Goat anti-rabbit and goat anti-mouse secondary antibodies conjugated to with the radioactivity incorporation assay. The other assay was a nonhorseradish peroxidase were from Bio-Rad (Hercules, CA). For the PKC blots radioactive ELISA kit (Calbiochem, San Diego, CA). A serine-substituted shown PKCµ was detected with rabbit polyclonal anti-PKCµ (C-20; Santa PKC pseudosubstrate was used as substrate and the phosphorylated peptide Cruz Biotechnology, Santa Cruz, CA) and the remaining PKC isoenzymes were was detected with a phospho-specific antibody. This assay was also performed detected with monoclonal anti-PKC isoenzyme antibodies from Transduction as suggested by the supplier. Laboratories (Lexington, KY). In addition, anti-PKC isoenzyme antibodies from several other companies were tried.
GJIC assayed by dye transfer Cell cultures
GJIC was assayed by microinjection of Lucifer Yellow (Sigma) into single cells, followed by fixation in 2% formaldehyde in phosphate-buffered saline R6-C1 and R6-PKC3 cells were kind gifts from I.B.Weinstein. Many of their 5-8 min after microinjection and counting the number of dye-containing cells properties have been extensively described (21, 22) . The cells were initially (11). For easier comparison the data are presented as means Ϯ SEM of grown with a selection pressure of 200 µg/ml G418 (21) . In later work the normalized values (i.e. controls are defined as the 100% level). Statistical selection pressure was decreased to 50 µg/ml G418 (22) and this is the significances were calculated on the raw data using Student's t-test for standard condition we have used in the major part of this work. With regard comparison between two means or ANOVA with Bonferroni multiple comparto saturation density and population doubling time, R6-PKC3 cells were the isons post-test for comparison of the time or dose curves for each of the cell most TPA-sensitive clone generated by Housey et al. and had the highest types. For comparison of the curves between the two cell types the normalized PKC activity (21) . The cells were grown in Dulbecco's modified Eagle's data were used in the non-parametric Kruskal-Wallis test with Dunn's postmedium (BioWhittaker, Walkersville, NY) supplemented with 10% fetal calf test (GraphPad InStat 3.0; GraphPad Software, San Diego, CA). serum (Life Technologies, Paisley, UK) at 37°C in a humidified 10% CO 2 We also studied whether selective GJIC occurred in the two cell populations. atmosphere. For the selection pressure experiments the cells were grown in Selective GJIC is defined as GJIC within each of two cell populations with mass cultures in medium containing 0, 5, 50 or 500 µg/ml G418 (Sigma) for no GJIC between the two populations (37, 38) . One of the cell populations at least 2 weeks before any experiment. Plating was done 48 h before the was labeled with the lipophilic fluorescent dye PHK26 (Sigma). Then the two experiments and the same concentration of G418 was still present. In all other experiments the cells were grown in mass cultures with 50 µg/ml G418 (22) cell populations were seeded together in different ratios (1:9, 1:1 and 9:1) The unexposed controls were defined as the 100% expression level. The data show the expression level as a percentage (mean Ϯ SD) of control cells (n ϭ 3-5). The blots shown in Figure 1 are part of the basis for this table. The unexposed controls were defined as the 100% expression level. The data show the expression level as a percentage (mean Ϯ SD) of control cells (n ϭ 3-4). The blots shown in Figure 1 are part of the basis for this table. has usually been called PKCλ, but we here prefer to call it at least 2 weeks with the indicated G418 concentrations before the PKCι. R6 cells were previously reported to contain PKCζ experiments. G418 was also present when the cells were plated for the (22), but we were unable to confirm this due to lack of reliable experiments. The results of densitometric scanning are shown above the blot (means Ϯ SD, n ϭ 5). The 0 µg/ml G418 lane was in each experiment antibodies (several antibodies from different suppliers were defined as the 100% expression level. Equal amounts of protein were loaded tested). However, the 184 amino acid long peptide used to in all lanes.
produce the anti-PKCι antibody is~80% identical to mouse PKCζ. Hence, it is possible that this anti-PKCι antibody can and after 20 h of co-culture dye transfer between the two cell populations detect PKCζ in R6 cells.
was assayed by microinjection.
Generally, TPA-responsive isoenzymes, except for PKCµ (39) , are sensitive to TPA-induced down-regulation during Results long-term exposures. It was reported that PKCδ and ε in R6-PKC isoenzyme constitution PKC3 cells were resistant to TPA-induced down-regulation (22). However, in the present experiments most of the cPKCs In accordance with previous results (22), we found R6 cells to express PKCα, δ and ε ( Figure 1A ). As expected, R6-PKC3
and nPKCs decreased to Ͻ10% of the amount in unexposed cells after 24 h exposure to 50 or 500 nM TPA (Tables I and  cells also contained large amounts of PKCβI ( Figure 1A ). An anti-PKCγ antibody clearly recognized a protein in the expected II). The content of PKCα and β in R6-PKC3 cells decreased to~10%. The result for PKCα may be explained by a crossarea (not shown). As this antibody may show cross-reaction with PKCα (according to the Transduction Laboratories reaction of the anti-PKCα antibody with remaining PKCβ, as this antibody cross-reacts with PKCβ (Transduction Laboratcatalog), we immunoprecipitated PKCα from the cell lysates. No anti-PKCγ immunoreaction was seen in the supernatant, ories catalog). Some down-regulation of PKCα and δ in R6-C1 cells and PKCδ in R6-PKC3 cells could already be detected while the immunoprecipitate reacted strongly (not shown). Other PKC isoenzymes were minimally co-immunoprecipiafter 1 h exposure to TPA ( Figure 1A and Tables I and II) . PKCµ was apparently somewhat down-regulated at 1 and 24 h tated. Other anti-PKCγ antibodies did not recognize any bands TPA treatment ( Figure 1A and Tables I and II) . This is probably Different concentrations of G418 (0, 5, 50 or 500 µg/ml) 0 µg/ml b 5 µg/ml b 50 µg/ml b 500 µg/ml b were used to study whether expression of PKCβI or other
isoenzymes was changed in the cells depending on selection pressure. There was an increase in the amount of PKCβI with The total PKC activity in R6-PKC3 cells was~10-fold higher d The amount of protein used was~1.5-2.5 µg/measurement.
than in R6-C1 cells as measured by 32 P incorporation (Table  III) . This is less than the previously published 50-fold difference (21) . We therefore also measured PKC activity using a GJIC spectrophotometric ELISA kit and again found an~15-fold R6-C1 cells showed a relatively high dye transfer of Lucifer higher activity in R6-PKC3 cells (not shown), although the Yellow, averaging 23-28 cells/injection. Somewhat surprisactivity in R6-C1 cells was close to the detection limit.
ingly, R6-PKC3 cells had a significantly (P Ͻ 0.0001, Student's Consequently, the results described below were obtained with t-test) higher level of dye transfer, averaging 40-45 cells/ the radioactivity incorporation assay. Long-term (24 h) expoinjection (Ͼ Ͼ1000 injections performed for each of the cell sure to a high concentration of TPA (500 nM) decreased PKC lines under untreated or vehicle-treated control conditions). activity to~10% of the control level (Table III) . Western blots This suggested that expression of PKCβI did not cause a of the PKC isoenzymes suggested that there was already a decrease in GJIC. However, as R6-PKC3 cells occupy a detectable decrease in the amount of some isoenzymes after smaller surface area in the dish than R6-C1 cells, the total 1 h exposure to TPA ( Figure 1A and Tables I and II) . We area of dye spread following microinjection was approximately therefore measured PKC activities in cells exposed to 150 nM similar in the two cell lines. R6-PKC3 cells are transformed TPA for 1 h and found a 50% decrease in both cell types according to criteria such as increased saturation density and (Table III) . Essentially identical enzyme activities and ratios growth in soft agar and forming tumors in nude mice (21) . In were obtained whether the blanks were defined as assays cancer cells and transformed cells selective communication without peptide or without phosphatidylserine/TPA (not has been hypothesized to occur and to be involved in developshown). ment of the transformed phenotype (37,38). We therefore We investigated whether selection pressure could affect the investigated whether Lucifer Yellow could be transferred total PKC activity. Regardless of the selection pressure, R6-from R6-C1 to R6-PKC3 cells and vice versa. The two cell C1 cells kept a constant PKC activity, while R6-PKC3 cells populations communicated well with each other, regardless of showed increasing PKC activity with increasing concentration the population injected, the population labeled with PHK26 of G418 (Table IV) . However, even without selection pressure and the ratio of labeled cells used (data not shown). A more R6-PKC3 cells had a PKC activity seven times higher than analytical study of GJIC, e.g. by fluorescence recovery after R6-C1 cells. This increased to a 16-fold difference at the photobleaching (40), would give a more exact answer as to highest selection pressure (Table IV) . Thus, there appeared to whether the rates of dye transfer are different in the homologous be a good correlation between the increasing amount of PKCβI and heterologous conditions. However, these results suggested ( Figure 1B ) and increasing PKC activity (Table IV) caused by selection pressure.
that the altered growth characteristics of R6-PKC3 cells have (s, d), 5 (u, j), 50 (n, m) or 500 (,, .) µg/ml G418 before the cells. (A) Cells were exposed to various concentrations of phorbol esters for experiments and G418 was also present during the experiments. The cells 1 h before assessing GJIC by microinjection and dye transfer. u and j, were exposed to the indicated concentrations of TPA for 1 h before cells exposed to TPA; n and m, cells exposed to DOPPA. n ϭ 29-61 assessing GJIC. For each of the concentrations of TPA none of the points in injections/point. Statistical significances (Bonferroni test) of P Ͻ 0.001 was (A) are significantly (Bonferroni test) different from each other. In (B) 5, reached at 500 nM DOPPA and 15 nM TPA for R6-C1 cells and 15 nM for 15, 50 and 150 nM TPA in the curve for 500 µg/ml G418 and 15, 50 and both TPA and DOPPA in R6-PKC3 cells. (B) Kinetics of TPA (150 nM)-150 nM TPA in the curve for 50 µg/ml G418 are significantly different induced down-regulation of GJIC. n ϭ 34-48 injections/point. Symbols as (P Ͻ 0.001) from the corresponding points in the curve for 0 µg/ml G418. in (A). No statistically significant differences were found between the two The curve for 50 µg/ml G418 is significantly different (P Ͻ 0.01) from the cell types (Kruskal-Wallis test).
curves for 5 and 500 µg/ml G418 at 15, 50 and 150 nM TPA. Comparison of (A) and (B) (Kruskal-Wallis test): at 0 µg/ml G418, R6-PKC3 cells are significantly less responsive than R6-C1 cells at 5, 15, 50 (all at P Ͻ 0.001) not prominently influenced the basic GJIC characteristics of and 150 (P Ͻ 0.01) nM TPA; at 5 µg/ml G418, R6-PKC3 cells are less normal cells.
responsive than R6-C1 cells at 15 (P Ͻ 0.001) nM TPA; there is no
We studied the effects of TPA and DOPPA on GJIC in the statistical difference between the curves for R6-PKC3 and R6-C1 cells at 50 µg/ml G418; at 500 µg/ml G418, R6-PKC3 cells are more responsive than two cell lines. GJIC was dose-dependently decreased by TPA R6-C1 cells at 15 (P Ͻ 0.001), 50 (P Ͻ 0.001) and 150 (P Ͻ 0.01) nM in both cell lines. When normalized (i.e. unexposed cells were TPA. defined as the 100% GJIC level) there was a minimal difference in sensitivity to TPA, with IC 50 µ 40 nM (Figure 2A) . Thus, the expression of high levels of PKCβI minimally increased We studied the level of GJIC after exposure to 150 nM TPA for 5 (injections started immediately after exposure, were the sensitivity of R6-PKC3 cells with regard to inhibition of GJIC. The suppression of GJIC in R6-C1 cells by DOPPA carried on for~3 min and cells were fixed 5 min after the last injection), 15, 30 and 60 min. There were only small and nonwas relatively low (Figure 2A) . In contrast, GJIC in R6-PKC3 cells was more strongly decreased, reaching 25% of control significant differences in the kinetics of suppression of GJIC ( Figure 2B ). at a concentration of 1500 nM, with IC 50 µ 300 nM ( Figure  2A) . Thus, DOPPA was~5-to 10-fold less potent than TPA The cells were cultured under different selection pressures with G418 (0, 5, 50 or 500 µg/ml) to study the impact of in R6-PKC3 cells, while the difference was much larger in R6-C1 cells. This suggests that PKCβI can affect GJIC, but increasing PKC activity and PKCβI amounts (Table IV and Figure 1B ). In these experiments G418 was present when the other phorbol ester-sensitive isoenzymes are probably more important during exposure to TPA. cells were plated for the experiments. GJIC in otherwise untreated control cultures remained at the levels described We investigated whether the content of PKCβI and higher PKC activity caused R6-PKC3 cells to respond faster to TPA.
above and was thus independent of selection pressure. The sensitivity to TPA of R6-C1 cells was unchanged by high or significantly less sensitive to TPA than R6-C1 cells (see legend to Figure 3 ). Only R6-PKC3 cells grown at 500 µg/ml G418 low selection pressure, with IC 50 values in the range 15-30 nM ( Figure 3A) . In contrast, R6-PKC3 cells increased in were significantly more sensitive to TPA than R6-C1 cells (Figure 3 ). Thus, a high PKC activity alone did not confer sensitivity to TPA with increasing concentrations of G418 ( Figure 3B) , with IC 50 values of Ͼ150,~150, 25 and 8 nM increased sensitivity to TPA. To further determine the relative importance of cPKCs and for 0, 5, 50 and 500 µg/ml G418, respectively. There was also a selection pressure-dependent increase in sensitivity of R6-nPKCs, the broad specificity PKC inhibitor GF109203X, the cPKC/PKCµ inhibitor Gö6976 and the PKCβ-specific inhibitor PKC3 cells to DOPPA, with IC 50 values of Ͼ Ͼ1500, Ͼ1500, 400 and~150 nM at 0, 5, 50 and 500 µg/ml G418, respectively 379196 were used. GF109203X efficiently counteracted the inhibition of GJIC induced by TPA ( Figure 4A ) and DOPPA (not shown). Thus, increasing PKC activity (Table IV) appeared to make R6-PKC3 cells more sensitive to phorbol esters.
(not shown) in a dose-dependent manner without affecting GJIC on its own. In contrast, Gö6976 alone was able to However, in spite of a 7-to 8-fold higher PKC activity in R6-PKC3 cells cultured at 0 and 5 µg/ml G418, they were actually significantly increase GJIC when used at 3 µM or higher concentrations ( Figure 4B ). If this was due to the inhibition of constitutively active cPKCs we would have expected GF109203X to do the same, unless there is some kind of interaction between cPKC and nPKC isoenzymes. We therefore suspect that Gö6976 also has other actions in the cells. When 1 µM Gö6976 was used only a partial inhibition of the TPAinduced decrease in GJIC was obtained ( Figure 4B ). However, the relatively small effect of 500 nM DOPPA in R6-C1 cells was fully counteracted by 1 µM Gö6976 (not shown). When the concentration of Gö6976 was further increased inhibition of the TPA effect was only minimally increased. These results could suggest that both cPKCs and nPKCs participate in TPAinduced inhibition of GJIC. The ability of 379196 to inhibit the TPA-induced decrease in GJIC was investigated under G418 selection pressure, as this should best disclose the potential involvement of PKCβI. 379196 alone did not affect GJIC in either R6-C1 or R6-PKC3 cells ( Figure 4C ). It counteracted the TPA-induced decrease in GJIC in a dose-dependent manner at concentrations Ͼ30 nM ( Figure 4C ). We investigated whether 379196 (30 nM, with 30 min pre-exposure) had a more pronounced inhibitory effect during shorter TPA exposures (15 and 30 min). The effect of 379196 was still minimal and not statistically significant (not shown). Since the effect of 379196 was similar in both cell types, we conclude that PKCβI is not among the major PKC isoenzymes involved in regulation of GJIC.
cPKCs and nPKCs were strongly down-regulated by 24 h TPA exposures. Among the TPA-responsive isoenzymes only were pre-exposed to various concentrations of (A) GF109203X and (B) Gö6976 for 30 min before addition of 150 nM TPA and incubation was continued in the presence of both compounds for 1 h before assessing GJIC. s, d, cells exposed to (A) GF109203X or (B) Gö6976 for 1.5 h; u, j, cells pre-exposed to (A) GF109203X or (B) Gö6976 for 30 min before addition of 150 nM TPA and incubation for a further 1 h. (A) n ϭ 106 (R6-C1) or 76 (R6-PKC3) injections for unexposed controls; for the other points n ϭ 23-41. GF109203X at 0.3 µM significantly counteracted the effects of TPA in R6-C1 cells and at 1 µM significantly counteracted TPA in R6-PKC3 cells (P Ͻ 0.001, Bonferroni test). (B) n ϭ 106 (R6-C1) or 85 (R6-PKC3) injections for unexposed controls; for the other points n ϭ 30-41. At 3 µM Gö6976 alone significantly enhanced GJIC (P Ͻ 0.001 for R6-C1 cells; P Ͻ 0.05 for R6-PKC3 cells, Bonferroni test). Gö6976 at 1 µM significantly counteracted the effect of TPA in R6-C1 (P Ͻ 0.001, Bonferroni test) and R6-PKC3 cells (P Ͻ 0.01). (C) R6-C1 cells (open symbols, dashed curves) and R6-PKC3 cells (closed symbols) were grown under varying selection pressure conditions as described in Materials and methods, with 0 (s, d, n, m) or 500 (u, j, ,, .) µg/ml G418. Cells were exposed to 379196 for 1.5 h (s, d, u, j) or pre-exposed to 379196 for 30 min before addition of 50 (R6-PKC3 cells with 500 µg/ml G418) or 150 nM TPA (all other) and incubation continued for 1 h (n, m, ,, .) . 5 . Long-term exposure to TPA conferred resistance to repeated TPA exposure. Cells were exposed for 24 h to 50 nM TPA and then re-exposed to 50, 150 or 500 nM TPA without any change of medium, followed by 1 h incubation before assessing GJIC. u, R6-C1 cells; j, R6-PKC3 cells. n ϭ 23-35 injections/point. The 100% level was defined by parallel injections in cells not exposed to TPA. Only R6-C1 cells re-exposed to 500 nM TPA showed a significant decrease in GJIC (P Ͻ 0.01, Bonferroni test).
PKCµ was left in appreciable amounts ( Figure 1A and Tables  I and II) . In parallel, GJIC was nearly normalized in both cell lines after 24 h exposure to 50 ( Figure 5 ) and 500 nM TPA (not shown). Re-exposure to 50, 150 or 500 nM TPA did not cause any decrease in GJIC in R6-PKC3 cells, but a small, although statistically significant, decrease was seen in R6-C1 cells at 500 nM TPA ( Figure 5) . Thus, PKCµ appeared as a minor mediator of TPA-induced inhibition of GJIC under the present conditions. Cx43 to TPA or DOPPA. When exposed to TPA or DOPPA the intensity of the NP-and P1-Cx43 forms decreased and those of the PЈ and P2 forms increased (Figure 6 ). The changes sensitivity for R6-PKC3 ( Figure 7A ) and R6-C1 cells (not shown) grown at 0 and 500 µg/ml G418. Similar results were could already be seen at 5 nM TPA, a concentration that minimally affected GJIC, and were well developed at 15 nM obtained for DOPPA ( Figure 7B ). This suggests that high PKC activity does not make Cx43 more prone to phorbol ester-TPA in both cell lines. The clearest difference between the two cell lines was that the P1 band became slightly more induced phosphorylation and that PKCβI is not among the major isoenzymes mediating this phosphorylation. diffuse in R6-PKC3 than in R6-C1 cells in most experiments. Consistent with the results for GJIC, DOPPA was more active
To further determine the isoenzymes that mediated phosphorylation of Cx43 the PKC inhibitors GF109203X, Gö6976 and in R6-PKC3 cells, causing the same band pattern changes as described for TPA, but starting at 50-150 nM ( Figure 6B ). In 379196 were used. When used alone, GF109203X and 379196 did not affect Cx43 phosphorylation during 1.5 h exposures R6-C1 cells DOPPA caused weak Cx43 band pattern changes only at 500-1500 nM ( Figure 6A ).
( Figures 8A and B and 9A ), while Gö6976 tended to decrease the intensity of the PЈ band ( Figure 8C and D). GF109203X As for GJIC, the kinetics of changes in Cx43 phosphorylation status were investigated. At 150 nM TPA the first changes (0.3-1 µM) counteracted the effects of 150 nM TPA in R6-C1 cells ( Figure 8A ), while 3 µM was needed in R6-PKC3 could already be seen at 2.5 min and were evident at 5 min ( Figure 6C ). The kinetics in R6-C1 cells were very similar to cells ( Figure 8B ). GF109203X also inhibited the effect of DOPPA (500 nM) in R6-PKC3 cells (not shown). Gö6976 R6-PKC3 cells. When the concentration of TPA was lowered R6-C1 cells continued to respond as rapidly as R6-PKC3 cells.
counteracted the band pattern changes caused by 150 nM TPA at concentrations of 0.3 µM for R6-C1 ( Figure 8C ) and 1 µM This is exemplified by 15 nM TPA ( Figure 6D ).
We investigated whether differential selection pressure by for R6-PKC3 cells ( Figure 8D ), in spite of the fact that it did not fully normalize GJIC under the same conditions ( Figure  G418 caused differential sensitivity of the Cx43 phosphorylation changes to TPA. There were minimal differences in TPA 4B). Gö6976 (1 µM) also inhibited the effect of DOPPA (500 nM) in R6-PKC3 cells (not shown). This could suggest the involvement of cPKCs in the phosphorylation of Cx43. We therefore investigated whether 379196 counteracted TPA. Again, cells under differential G418 selection pressure were used, since this should potentially make the involvement of PKCβI easier to detect. 379196 showed only a weak effect in R6-PKC3 cells at concentrations of 100 and 300 nM at both low and high selection pressure and the same effect was also evident in R6-C1 cells ( Figure 9B and C). This suggests that PKCβI is minimally involved in TPA-induced phosphorylation of Cx43 and, accordingly, implicate PKCα as a major TPAactivated Cx43 kinase in this system. Exposure to TPA for 24 h caused a nearly complete normalization of Cx43 band pattern and no new changes occurred when the cells were re-exposed to different concentrations of TPA ( Figure 10 ). As PKCµ is the only TPA-responsive PKC isoenzyme present in significant amounts, it is concluded that PKCµ is not among the major Cx43 phosphorylating PKC isoenzymes. TPA. Under non-stimulated conditions a minority of the PKC variants may have an identical migration rate during electrophoresis (33) . In the context of total PKC activity and selection pressure, it is also interesting to note that even if these cells produce tumors in nude mice (21) , this must occur without G418 selection pressure.
Discussion
Is PKCβI involved in the two processes studied? R6-PKC3 cells were no more sensitive to TPA than R6-C1 cells, except at the highest selection pressure (500 µg/ml G418). Thus, PKCβI is probably not the isoenzyme that mediates the major effect of TPA on GJIC in R6-PKC3 cells. However, the selection pressure-dependent increase in sensitivity to TPA also suggests that when PKCβI is expressed in sufficiently high amounts it can affect GJIC. Interestingly, phorbol esterinduced Cx43 phosphorylation was minimally changed by selection pressure, suggesting that phosphorylation of Cx43 is not mediated by PKCβI, but rather by one (or more) of the isoenzymes not affected by selection pressure.
For further investigations on the importance of PKCβI we used DOPPA and 379196. DOPPA was clearly more active in DOPPA is a poor activator of other PKC isoenzymes that potentially affect GJIC and Cx43. As the two cell lines contain an identical complement of PKC isoenzymes except for PKCβI, molecules are assumed to be active. After exposure to TPA there is strong activation of PKC as assayed by phosphorylation this implies that in the absence of direct activation (or during weak activation) of other PKC isoenzymes, PKCβI may of the endogenous substrate p80, also called MARCKS (see for example ref. 25 ). R6-PKC3 cells have a PKC enzyme influence the two parameters studied. Whether the influence of PKCβI occurs directly or indirectly (e.g. through an interplay activity~7-to 16-fold higher than R6-C1 cells, depending on the selection pressure (Table IV) . This is less than the previously with other PKC isoenzymes) remains to be studied. The results obtained with 379196 support the notion that PKCβI is reported 50-fold difference for cells cultured with 200 µg/ml G418 and is mainly caused by a 3-to 5-fold higher PKC minimally involved in the TPA-induced decrease in GJIC, especially since the inhibition curves were similar in PKCβI-activity in R6-C1 cells in the present work than found by Housey et al. (21) . However, the difference in PKC activity containing R6-PKC3 cells and in PKCβI non-containing R6-C1 cells ( Figure 4C ). These results do not exclude the between the two cell lines is still prominent and should be sufficiently large to determine whether an increased level of possibility that PKCβ can influence GJIC in other cell systems, but this may best be investigated in a system that naturally PKC activity in itself causes a higher sensitivity to TPA. An intersystem comparison of the GJIC results clearly shows that expresses one or both of these isoenzymes. As discussed above, under most of the conditions studied R6-C1 cells are as, or even more, responsive than R6-PKC3 cells, except under high selection pressure. If we consider only here PKCβI appears to be of less importance than some other PKC isoenzymes for the present parameters. Which PKC R6-PKC3 cells, there is an increased sensitivity of GJIC to TPA with increasing PKC activity. However, it is surprising isoenzymes then are involved in the TPA-induced decrease in GJIC? PKCα, δ, ε and ζ were previously identified in R6 cells that a doubling of the PKC activity in R6-PKC3 cells caused by differential selection pressure (0 and 500 µg/ml G418) (22). We also found PKCµ and ι, although the latter could be a mixture with PKCζ. As expected, long-term treatment with decreases the IC 50 in the GJIC assay from Ͼ150 to~10 nM, especially when the high PKC activity in cells cultured without TPA induced down-regulation of PKCα. However, in contrast to Borner et al. (22), we did not find an increased resistance G418 is considered. Furthermore, there appear to be minimal changes in the response of Cx43 in R6-PKC3 cells between to down-regulation of PKCδ and ε in R6-PKC3 cells. PKCµ was the only TPA-responsive PKC isoenzyme partially resistant no selection pressure and high selection pressure. In addition, differences in the response of Cx43 from R6-C1 and R6-PKC3
to TPA-induced down-regulation in R6 cells. However, the present anti-PKCµ antibody is sensitive to phosphorylation of cells are nearly absent. Thus, high PKC activity alone does not necessarily cause an increased sensitivity to TPA as assayed its epitope following TPA exposure (39) . Thus, there is probably no down-regulation of PKCµ by long-term TPA by GJIC or Cx43 phosphorylation. There are probably other, as yet unidentified, factors also involved in determining this treatment, which would be consistent with previous results (20, 39) . The presence of PKCµ together with the lack of sensitivity. Such factors could include interaction among the PKC isoenzymes expressed and other signal transduction responsiveness after 24 h exposure to TPA directly implies that PKCµ is not involved in regulation of the parameters pathways modulated by PKC isoenzymes. It may also be noted that the low correlation between changes in GJIC and changes under study. Moreover, PKCµ shows strong selectivity for peptides with a leucine at position -5 (N-terminal relative to in Cx43 phosphorylation could be due to the presence of other unidentified connexins, as has been pointed out for other the phosphorylated serine/threonine) and mainly hydrophobic amino acids at other positions, in addition to the common systems (12), or the fact that some Cx43 phosphorylation preference of PKC isoenzymes for a positive charge at posi
